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CONVERSION FACTORS AND ABBREVlATBQNS 

Multiply BY To obtain 

micrometer (ym) 3.937 x lo-' inch 
millimeter (mm) 3.937 x inch 
centimeter (cm) 3.937 x LO-' inch 

cubic centimeter (cm3) 6.102 x cubic inch 
gram (g) 3.527 x lo-' ounce, avoirdupois 

Tenrperature is given in degrees Celsius ("C), which can be converted to degrees Fahrenheit ( O F )  

by use of the following equation: 
F = 1.8fC) -i- 32 

Suspended-sediment concentration is expressed in this report as milligrams per liter ( m a )  and 
is computed as 1 million times the ratio of the dry weight of sediment in grams to the volume of 
the mixture in cubic centimeters. 

Other abbreviated unib used in this report: 

MeV million elecltronvolts 
V volts 



EVALUATION OF P PET AND X-RAY 
PROCEDURES FOR DETERM 

OF SED 

Indirect measurements of sediment particle sizes in the subsieve range are commonly made 
by procedures based on the sedimenta~on method, such as the pipet procedure or the X-ray 
procedure. Compared to the pipet procedure, the X-ray procedure requires Less training and testing 
time and produces more consistent results. 'The resulting particle-size dis~ibutions deterrrained by 
the X-ray procedure are consistently finer than those produced by the pipet procedme, It is not 
known if this difference is due to sediment chemistry or if it is due to errors in the procedures 
themselves. 

Available methods for comparing X-ray and pipet results require either the assumption of 
a parent statistical dis&ibution or multiple tests from the same parent sample. Neither condition Is 
desirable: the assulnption of a parent statistical distribution is not fully justified, and multiple tests 
require time, Error limits based on existing tests can be established for each procedure. These enor 
limits can then be compared to provide the basis for judging the accepbbifity of X-ray results. 
Specific steps are recommended in this report to achieve a standard procedure for comparing pipet 
and X-ray analyses. 

'~ss is tant  Professor, Department of Civil Engineering, Univusity of Nebraska--Eincoln. 



The pipet and X-ray procedtares are cornanonly used for indirect measurement of the size of 
sediment particles in the subsieve range (less than 62 pm). Both procedures are based on the 
sedimentation method for determining the fa11 diameter of sediment particles. In this method, the 
sediment sample is diluted with fluid, and the sediment-fluid mixture is agitated, Under carefully 
controlled conditions, the time required for a particle to settle a given distance is used to calculate 
the equivalent diameter of a spherical particle falling at the same velocity. 

The pipet procedure (Guy, 31977') involves the withdrawal of sediment-fluid samples at a 
fixed depth in an open-topped tube at a series of specified setding times (fig. 4). Smaller sediment 
particles are expected to take longer to settle to the fixed depth. After the concenwation is 
measured for each sample, a particle-size dis~ibution curve that shows the relation between 
equivalent spherical diameter (fall diameter) and percentage of finer particles by weight is plotted. 
The curve is based on the assumptions that (I) the specific gravity of the sediment particles is 
known and (2) particle settling obeys Stokes Law (laminar conditions prevail). 

Figure 1. Pipet apparatus (photo furnished by W. J. Matthes, U.S. Geological Survey, lowa City, lowa). 

In the X-ray procedure (Micromeritics, 1982), a finely collimated X-ray beam passes 
through a sedinnent-fluid suspension (fig. 2) to measme the transmitpance of the suspension relative 
to the clear suspending fluic!. The relative transmittance is a function of the weight concen&adon 



of the solids in suspension. The Sedigraph, manufactured by ~iuomeri t ics ' ,  is a commercially 
available apparatus for analysis of fine-particle dis~ibueion by use of the X-ray procedure. The 
Sedigraph automatically plots the resulting particle-size distribution. 

Figure 2. Apparatus klseel irs X-ray procedure (photo furnished by W. J. Matthes, U.S. Geological Suwey, lowa Citycy, 
lowa). 

Coanl3ared to the pipet procedure, training in the X-ray procedure requires less time, and 
analysis time required for a detern~ina%isn is decreased by 50 percent; results from the two 
procedures agree reasonably well (Lira and Matthes, 1986), It has also been suggested that, 
because X-ray analysis takes less ti me than the pipet analysis, all samples collected by a particulax 
agency could be sent to one laboratory, thus reducing variability in data that might otherwise be 
introduced by several operators working with different machines, 

'f4n-y use of ~ a d e ,  product, or firm names in this public;leionts is for dcscriptivc purposes only and does not imply 
endorsennene by the U.S. GEOLOGICAL, SURVEY. 



Test results show the X-ray procedure consistently produces a finer particle-size 
distribution than the pipet procedure (Lara and Matthes, 4 986; Weaver and Grobler, 1981; Schiebe 
and others, 1983). Because the effect of sediment chemistry on X-ray-beam attenuation has not 
been adequately investigated, it is possible that the X-ray procedure may produce different 
distribution curves for samples with identical particle-size dls@ibutions but different chemical 
compositions (J.V. Skinner, U.S. Geological Survey, oral commun., 1983). 

The purpose of this report is to present information that could be useful for further 
comparisons of the X-ray and pipet procedures and to summarize the available data on 
reproducibility and cornparability of the results of both procedures. A summary of statistical tools 
that could be used for the comparisons is also given. 

EVALUATION OF PIPET AND X-RAY PROCEDURES 

This evaluation includes (1) a review of the literatme on potential errors inherent in the 
pipet and X-ray procedures, (2) a brief discussion of the availability of standard fine-pardcle-size 
reference samples, (3) a discussion of statisdcal methods that can be used to compare t l ~ e  pipet and 
X-ray results for the same samples, and (4) a comparison of some of the results available from both 
procedures. 

Literatrare Review 

The literature review included published and unpublished works, many of which concern 
potential sources s f  error in the procedures, Some sources of error in particle-size determinations 
are comnlon to both procedures because both are based on the sedimentation method. Other 
sources of error, however, are unique to either the pipet or the X-ray procedure, Discussion follows 
in each of these categories. 

Potential Sources of Error in the Sedimentation Method 

The basis for the sedimentation method of particle-size analysis is the Stokes eqamation, 
which, in expanded form, is 

vs " f(g, d ,, v, p, 6 . 9  .%1, WY p ,I9 

where V, is particle settling velocity, 
is gravieational acceleration, 
is particle size, 
is fluid (knemat i~)  viscosity 
is density 
is sediment concentration, 
is electrical chxge on sediment particles and dispersants, 
reprresents wall effects, and 
is density of sediment. 

Except for gravitational acceleration, each of these variables can be a somce of error when either 
the pipet or the X-ray procedure is used. Adequate dispersion of the samples is assumed, 



Particle size 

Both the pipet and X-ray procedures are used for analysis of material that passes the 42 pm 
sieve. Stokes law is valid for particle diameters ranging fiom 1 or 2 pm to 50 pm, Brownian 
motion affects smaller particles, and larger particles do not settle in a laminar manner. Brownian 
motion is defined as the movement of very small particles due to the random impact of sumounding 
water molecules. Allen and Baudet (19'7'7) showed that sedimentation methods are not accurate 
for particles smaller than 1 to 2 pm because of Brownian motion. Chung and Hogg (1985) 
quantified the errors and concluded that: 

1. errors are greatest when the sample contains particles with a wide range of sizes; 

2. errors are greater in short settling depths, such as in the X-ray procedure, than in long 
seeding depths, such as in the pipet procedure; and 

3. because of longer settling depths, errors in the pipet procedure are negligible in the 1- to 
2-pm range. 

Chung and Hogg (1985) showed that the X-ray procedure underpredicted the particle-size 
dis&ibution curve by about 5 percent for 0,7-pm-diameter kaolin particles. 

Micromeritics (1982) recommends use of the Sedigraph 5000 for particles in the 0 2  to 
50 pm size range but point out that Brownian motion effects are most significant for %ow-density, 
uniform particles smaller than 1 pm. The American Institute of Chemical Engineers (1980) 
recommends the use of an X-ray procedure for particles as small as 0,1 pm. Unless the sample 
consists of a significant percentage of particles finer than 0.5 pm, they suggest that no adjustment 
is necessary. The American Society of Agronomy standards for particle size analyses maintain that 
sedimentadon methods not be used for particles smaller than 2 pm. They feel Brownian motion is 
a major factor for smaller, clay sized, particles. 

No minimum particle size is recommended for the USGS pipet procedure (Guy, 1977), but 
the calculation sheet lists the smallest diameter as 2pn1. 

Fluid viscosity and density are temperature dependent; however, significant errors in the 
particle-size dis&rlbution result only if suspending-fluid temperatures vary by 20 O C  or more during 
different analyses. 

Sediment concen&atioa 

Stokes Law is based on the assumption that each sediment particle settles independently 
If sediment concentration is too high, particle interaction hinders or slows settling, 

According to the literature, the conceneation atwwkh hindered settling begins varies from 
0+ 1 to 3 percent by volume (2,600-80,000 m a )  (Raye, 1981) at am assumed specific gravity of 



2.65; however, hindering is generally considereit insignificant at a concentration of less than about 
2 percent by vo%ume (50,000 rng/L) (Weaver and Crobler, 1 98 4; Olivier and others, 1970-.*7 1 ; Stein, 
1985; Allen, 498 1; Society for Analytical Chemistry, 1968; Orr and DallavaBle, 19.59)- A 1943 inter- 
agency study generally agrees that, for the pipet, hindered settling is 1106 significant at vol.urne con- 
centrations of 1 to 2 percent. Concent~ations of 0.08 to 0.2 percent by voltlnne (2,100-5,000 rng/L) 
are recommended for analysis by the pipet procedure (Guy, %97'7), whereas concenhations of 0.88 
to 1.84 percent by volume (23,000-49,000 mg/L) are recommended for analysis by the X-ray proce- 
dure (Micromeritics, 1982). 

Experiments with the X-ray procedure are less conclusive. Kaye (1981) states &at a 05-. to 
3-percent concentration by volurrle definitely produces "significant interfine particle fluid dynamic 
irsterac~ion~' but gives no supporting experimental data. After several Setligrapk~ arralyses of a bottom 
sedimexlt from the Rio Puerco River near Bernwdo, New Mexico, Lam and Matthes ("19863 
concaaaded that '%sample concentration may waxy through a wide range v~pJithout affecting (he results 
of the analysis." Sample sedirneat concentraeions ran-iged from a higher-.ttian-,a:ecor~~inendecI value to 
a low, unspecified value, 

Welch and others ( E  979) co-m.pared results from the X-ray procedure for a concentcation 01' 
1.80 percent by volume to results from samples having higher and lower concentrations, They found 
concen@ations of 3,7 and 5,6 percent by volume (higher than recomna~ended) produced progressively 
finer curves that deviated significantly from those run at 1.80 percent, Weaver and Grobler (4.9813, 
howevef-, showed that the X-ray procedure produced "similar" curves for volume conncentxations of 
%,3,  and 5 percent, The finest cuwe resulted from a 5-percent volume concentration. They decided 
to use 1.5 percent as an X-ray procedure standard for comparison to pipet analyses, Finally, Stein 
(1985) reports that X-ray analyses of sarnples having a concengation of 0-8 percent by volume 
produce consistent results but thaterrors occur for ""higher" cor%cen&a.atioaas, 

The effects of electrical charges on sedimerat particles and in the dispezsant have no& been 
studied extensively, Davies and others (1976) state ihat ""te charge density on the scsiid surface 
exposed to bulk liquid is probably the dominant factor in determining hkdrance to sedimentation," 
but they provide no experimental evidence, Sansone and Civic (1375) deaa?sxas"lated the dependence 
of particle-size dishibution of standard glass beads on the specific condazctance of tkae media fluid. 
They conclusded that their experiments showed ""the necessity of ensuring that electrical forces are 
m i n i ~ z e d  when using liquid seditnentatic~n," 

Wa31 effects 

A sediment particle settli~~g very close to a wall may be hindered by the fluid-.wall.-particle 
interaction. A typical pipet cylinder is approximately 30 to 41 rnnn in diarncter, The interior of a 
Sedlgraph sample cell is a cube approximately 13 mnn wide, 35 mm high, and 5.3 rnm thick 
(!vIicromeritics, undated). Even though the srurallest Sedigraph cell dimension is a-~~proxi~nately 
5.13 mm, Weaver and Grobler (1981) report that wall effects are negligibht. 



Rarely, if ever, are Gne-sediment samples homogeneous. 'They usually consist of a mixture 
of different minerals and organic matter. Organic matter is routinely rearnoved before analysis by 
pipet or X-ray procedures (Guy, 1977; Welch and others, 19791, and a specific gravity of 2.65 is 
usually assumed for the remaining sediment particles. C. Bemhardt (Research Institute of Mineral 
Processing of the Academy of Sciences of the GDR, Freiburg, written cornmurs., ca. 4984), in a 
study of heterogeneous powders, concluded that differences in density typically found within the 
same powder sanlple caused about a l-percent error in the particle-size distribution. Differences 
in the mass alssorption coefficient associated with the different densities, however, could result in 
a LO-percent error (see ""Ptential Sources of Error in the X-ray Procedure"). Crindrod (4968) 
tested psvvders with a specific-gravity range of 3.45 to 2.3 and found that density affected the 
indicated diameter by as znuch as a 20 percent for the coarse fraction (50-70 pm) of the sample. 

Potential Sources of Error in the Pipet Procedure 

The pipet procedure for particle-size analysis can produce en-n-ors as a result of disturbance 
of the sample during withdrawal, withdrawal s f  a sample from too large or too small a range of 
depth, and insufficient san~ple volume for analysis. 

Disturbance of the sarwdedidrin~w&dP.& --*- ------ 

Irani and Callis (1963), describing the pipet procedure, stated that ""The continuous removal 
of sample from the suspension considerably disturbs the sedimentation medium and falsifies one 
of the assumptions in Stokes equation, namely, that sedimentation is proceeding under steady-state 
conditions." They do not attempt to quantim resulting errors, They compared the particle-size 
distributions of a flour sample determined by use of pipet, sedimentation balance, and microscopy 
and concluded that ""the Andreasen pipet data deviated from others for the finer flour sample," 
presumably because disturbance of the suspension occurred during sample withdrawal, The 
median diameter of the "finer" sample was 10 pm, 

KaXita and others (2985) likewise reported that the pipet disturbs the suspension and causes 
undesirable mixing, Again, no enor estimates are given. Stockham and Fochtrnan (1977), on the 
other hand, reported that the sampling tube interferes with the settling of the particles, especially 
in the region djrectly below the tube; ao error estimates are provided. 

The withdrawal techniqsae is often cited es a drawback to the pipet method. Dallavalle 
(19448) exanlined the withdrawal zone at the pipet tip in detail and concluded that the sampled zone 
generally extends about 1 cm above the tip and 3 cm below it. 'The pipet sample, therefore, can 
include particles that lave settled below the tip and are coarser than particles at the level of the tip. 
For this reason, C.11:r and Dallavaile (1959) recommend that sarulples be withdrawn slowly arid 
c;ap.efully for very fine particles. Allen (1984), however, states withdrawal time should always be 
"&c same. If the ~~i thdrawal  time is too short, the sample will be wilhdrawn from outside the 
intended sampling zone; if too long, fine particles from above will enter the sampling zone during 



withdrawal. The USGS (Guy, 1977) currently recommends an 8- to 12-second withdrawal time. 
The withdrawal technique was identified by Schiebe and others (1 983) as a possible explanation 
for differences between pipet and X-ray results. 

Guy (1977) states that I to 5 g of sediment is necessary for a pipet analysis. Pipet-analysis 
accuracy decreases with sample size because of mechanical limitations of the equipment. Welch 
and others (4979) state that neither the pipet nor the X-ray procedure is well suited to the analysis 
of suspended sedinnent because the minimum quantities of sediment (0.5 g for X-ray, 4.0 g for 
pipet) are often not present in coXfected samples. 

'The Society for Analytical Chenlistry (1968) recognized the limitations of the pipet and 
said that "no excessive claims are now made for the precision of the pipet method; as an example, 
B,5.3406 [British SQndard] is satisfied if duplicate estimates of cumulative proportions by weight 
do not differ by more than 4 percent," The Society concluded that ""a large group of workers in 
size analysis has accepted the [pipeel method uncritically as a standard method, without adequate 
recognition of possible errors, On the other hand, some workers have stated that it is so prone to 
error as to render it inapplicable as a standard method, There seems to be a case for suspending 
Judgment until more evidence is available on its accuracy and reproducibility/." 

Potential Sources of Error in the X-ray Procedure 

Use of the X-ray procedure for particle-size analysis can result in errors due to sediment 
chemistry, differences in sample density, heat input from the X-ray, and incorrect determination of 
settling rate. 

Sa~nple concentration is determirne:d by X-ray attenuation, A clear suspending flaaid is 
tested first. A well mixed sample is then tested, and the rnachi~re Is set at BOO percent finer. No 
calibration is required because concentration is determined from the relative difference in 

iment. attenuatic~n between the clear suspending fluid and the fluid containing sed' 

Micromeritics (4982) states that an X-ray attenuation of $0 to $0 percent produces good 
results. Allen (1981) and Allen and Baaddet (S97'7), however, suggest that this requirement leads 
to inaccurate results, In comga~ison tests with the X-ray (Sedigraph), pipet, and centrifuge 
procedures on kaolinite, Allen and Baudet found that "The Sedigraph gives far too fine an analysis 
in every case, and this is to be expected since the volume concen$.ation required for an X-ray 
attenuation technique with a material such as kaolinite, which is s e ~ t r a n s p a r e  to X-rays, is so 
high that pxiPticle-to-particle iarteraction takes place." 

According to Sairsne~, (iJ,S. Geological Survey, orat csnrmuns., 1983 and i985) c h e ~ c a l  
effects on X-ray attenuation are proraomced between an X-ray energy level of 0.01 and 0,05 Mev, 
'The X-ray energy level of tine Sedlgraph is 0,09 Mev. 



Sediment densib 

SecSiment density is closely related to X-ray attenuation. As stated previously, sediment 
particles of different densities typically have different mass absorption coefficients (C. Bennhardt, 
Research Institute of Mineral Processing of the Academy of Sciences of the GDR, Freiburg, written 
commun,, ca. 1984). Although differences in density can result in a I-percent error in a particle-size 
distribution, attendant differences in mass absorgtion coefficients can proc%tnce a 10-percent error. 

The Sedigraph X-ray system generates 13,000 V. Allen (1% 8 1 )  questioned, without factual 
basis, the stability of the power source. Olivier and others (1970-71), specify a a 5-V source 
stability, which represents a potential error of less than 0.1 percent. 

During a 100-minute analysis (15 minutes is requked to define the particle-size distribution 
to 2 the X-ray beam will raise the temperature of the sample 1.2 x 10 - 'C This temperature 
increase introduces an emor of the same gsercentage magnitude (0.01 percent) in the particle-size 
distribution (OPivier and others, I 970-7 4). 

The X-ray procedure decreases analytical time because the sample cell is continuously 
lowered with respect to the X-ray beam. The movement of the sample cell results in continuous%y 
decreasing sediment settling depths and thus reduces "te total time required for the analysis. The 
pipet procedure requires 9 hours for a 2-pxlm determination, whereas the X-ray procedure requires 
only 15 minutes, The rate at which the cell moves dmiang the X-ray procedure is computed by the 
operator and is a function of particle and fluid densities, fluid viscosity, and the maximkana particle 
diameter in the sample (Micromerltics, 1982). If the rate is incorrectly deter~nined, the particle-size 
distribution also will be inco~~ect .  If the mistake is discovered after the analysis, however, the 
particle- size disbibution can be corrected (Rootare, 1980). 

Applications of the X-ray Procedure by Commercial Firms 

Fine natural sediments--gia~en the vxiatiasns in their particle size, shape, density, and 
chemical and ele~t~*ical properties--xe difficult to arlalyze by any procecdaare, l%e X-ray procedure, 
however, has been accepted by Pnlarly commercial firms, 

Bunville (1984) says ""perhaps the most widely used instruments for particle size analysis 
based on gravitational sedimentation are the Micromeritics Sedigraph 5000D and Sedigraph E." 
Although originally designed for clay minerals, the Sedigraph has been successfu:aally used in 
analyzing yigrrxenrs, rninerais, and coaeirigs, and i a t  the photographic, rhietal powders, and ceramic 
induseies. Micro~neritics (1982) lists 57 different makrials analyzed by the Sedigraph 5000 and 
typical particle-size dist~ibutions for 102 different materials, including a distmbution for river 
sediment, 



Summary of Findings 

'The following findings have been inferred from the literature: 

1. Particle-size range,--A range of 2 to 50 prn is the opfimum range for analysis. Although 
distributions from the X-ray procedure can include particles that are 0-2 pm or smallerl., 
diameters smaller than 4 to 2 pnl do not obey Stokes law and can be affected by 
Brownian motion, 

2. Concentration.--The typical pipet concentration of 2,000 to 5,000 m g L  should not 
introduce hindered-settling. The X-ray procedure should be used at the smallest 
concen&ation that provides between 40 and 60 percent attenuation of the beam. 
Hindered settling is probably not a major factor as long as the concentration is less than 
2 percent by volume. 

3. Pipe"Lna1ysis.--Because withdrawal time can affect particle-size distributions, use of a 
standard withdrawal time among laboratories is wan~anted. 

4. Relation of sediment chefistry to X-ray determinations,--Sediment chemistry can 
apparently alter results from the X-ray procedure, Until additional hhrmation is 
available, routine comparative tests may be necessary to determine what types of 
sediment samples are chePPlically sensitive, 

Tt is difficult to determine the accuracy of the pipet and X-ray procedures for natural river 
sediments because the true particle-size distribution is not known. Some standard particle-size 
reference samples of Polystyrene spheres are available from the National Bureau of Standards 
(Office of Standard Reference Materials, 33 11 Chemistxy Building, Gaithersburg, MD 20899, 
Ph 301 975 6776). Sizes are available of about 0.3,0,9, and 40 pm at a cost of $200-500 per 5 mk 
sample in 1994, Wilson (1980) discussed the certification of five natural quartz particle-size 
reference samples covering the range 060.35 to 650 pm. The particle-size dist~butions for the four 
smallest diameter samples were ""caified" by use of the pipet, Comparisons were made with 
results from the X-ray procedure (see the ""Sngle-Run Comparisons" section). 

Test Data *-- 

The purpose of this section is to describe common probability-dis&ibution functions and 
statistical tests used to analyze particle-size results and to apply some of the test to available data. 

Probability Distributions 

Plotted particle-size distribution curves comnraonly resemble cumulative probability- 
distribution functions. Because of this similarity, several dist~butions have been compared to 
particle-size results. The lognormal disaibution function is generally reco ended for use with 



sediments because the random variable can range from minus to plus infinity, it has successfully 
described many different test results, or results of different methods, and it provides a consistent 
basis for comparing and describing particle-size data. A recent distribution called the log- 
hyperbolic distribution (Durst and Macagno, 1986) is not recommended for use because of its 
difficult-to-read format. 

The logi~ormal distribution is applicable to particle-size data because the lognormal 
distribution is boannded on the left by zero. It is formed by taking the logarithms of observed data; 
the resulting random variables are normally distributed and are therefore described by the 
logarithfic mean and standard deviation. In practice, nontransformed data are plotted on 
lognormal probability paper, Data from a lognormal diskibution may plot as a straight line on such 
paper. The mean and the standard deviation can then be estimated by 

wknere dg is geonretrlc mean, 

sg is geometric stantlard deviation, 
dg 4 is the particle diameter for wwhh exactly 84 percent of the sample is smaller, and 
d l  6 isthe particle diameter for which exactly 16 percent of the sample is smaller, 

Goodness-of-Fit Tests 

The decision on whether or not data on lognormal probability paper plot "as a straight line9' 
is sometimes difficxalt, Statistical tests con~esponding to a visual judgment are discussed in this 
section. 

Goodness-of-fit tests compare the differences between observed values and expected 
values, (those that fit an assumed distribution). Each observed value is derived from the 
experimental data, whereas the expected value is derived from the distribution postulated to fit the 
data, A elareshold test statistic is selected on the basis of an acceptable probability of rejecting a 
valid distribution. If the computed differences are less than the threshold test statistic, the 
distribution is accepted as adequately representing the data, If not, then the distribution is re~ected. 

The chi-square test, the Kolmogrov-Smirnoff correlation, and the Shapiro-Wick test are 
commonly used to determine goodness-of-fit (Haan, 1977; Loucks and others, 1981). The chi- 
square test is the least discriminating of these tests because it is the most likely to indicate that a 
given distribution adequately descpibes a data set. This lack of discrimination means that the 
probability of incon~ectly accepting the distribution is highest with the chi-square test. 
Unhrtunately, only the chi-square test can be used on the results of a single particle-size- 
distribu"&on analysis. The other methods are based on multiple analyses of the same sample. 

%hc results of I0 pipet analyses and 9 X-ray analyses of a sample from the Los Padres 
Reservoir near Carmel Valley, California, are listed in table 1. The size distributions as determined 
by the pipet and sedigraph are shown on figure 3. The chi-sqzaare goodness-of-fit test was applied 
to the data in table 1 to test the hypothesis that a lognormal distribution with a c o q o s i t e  pipet 



sample n.nean and standard deviation describes the size distribution data from both methods, The 
hypothesis cannot be rejected at a 90 percent significance level indicating there is no good reason 
to assume the same lognormal disuibution does not fit both sets of data. In other words there is no 
good reason to assume the lines on figure 3 are not s ~ a i g h t  and that results from both test are from 
the same distribution, 

Confidence Intervals 

Confidence intervals allow the fopollowing kind of stakment to be made: ""% these pipet 
analyses, the probability that the interval from 70 to 90 percent finer conpains the populadon dg 4 
is 90 percent." A confidence intesval is a band about the dab .  The interval cannot be computed 
from a single particle.-size-distributior~ test; multiple tests of the same sample x e  required. 
Confidence intervals can be used as an alternative to goodness-of-fit tests for comparison of 
different s'azing niethods, For example, if confidence limits from pipet and X-ray procedure tests 
of the same sample overlap, then it might be said that tlaere is no good basis for assuming the 
methods produce different results, 

'rab%e 1 .  Results sf replicate analyses of sample from Los Padres Reservoir, near Carmel Valley, 
California 

[Us upper bound at 90-percent confidence liwiit; L, lower bound at 90-percent confidence limit] 

Permnhge sf finer pa!tlc!es, by weight, than Indicated size, in mi~mrnefers 

Size 1 C 8 4 

Pipet prwedaare 

Test statistic 

Mean (10 tests) 87.8 58.8 35.1 23.4 17.2 7.0 

Standard deviation 2.84 2.49 6.30 8.07 7.40 .93 

Upper lsot~r~d 89.5 60.2 38.8 28.1 21.5 7.5 

Lower bound 86.7, 57.4 31.5 L 8 ."I 12.9 6.5 

Mean (9 tests) 93.2 68.1 41.6 23.6 13.3 6.8 

Standard deviation 1.94 2."/0 2.63 2.47 1.73 1.39 

IJpper bound 94.4 69.8 432 25.1 14.4 7 .'7 



PARTICLE FALL DIAMETER, IN MICROMETERS 

Figure 3. Particle-sine distributions used for example chi-square test. 



For example, the 90-percent confidence limits for the pipet and the X-ray data were computed and 
the results checked for an overlap in the results. The 90-percent confidence limits were comptated 
as follows: 

a. The lower and upper bounds are computed from: 

S B = %kt---- 
& 

where 
B is the upper or lower bound - 
x is the arithmetic mean of n percent-finer values at each of the 

breakpoints, 
s is standard deviation of n breakpoint percent-finer values, and 
t is the t-distribution statistic for a given confidence level. 

b. Calculate the t-statistics for pipet and X-ray data* 

If a 98-percent confidence level is desired, the t value must be determined 
at a 0.95 level to allow for values either larger or smaller than the stated 
limits. The n value for determining t is the number of repeats minus 1. Or; 

Pipet, b-95- 9 - 1.83 (from Haan, 19'77). 
X-ray, b.95,8 1.86. 

c. Calculate the upper (U) and lower (L) bounds at 90 percent confidence from the data in 
table 1 using the equation. These values are also shown on table 1, 

A plot of the confidence intervals and computed bandwidths are shown in figure 4. For this sample, 
the X-ray 90-percent confidence limits lie within the pipet confidence limits up to about 10 pm, 

Hypothesis Testing 

Hypothesis tests can be used to test for significant differences between statistical means 
from different methods or to derive error estimates from just one method. Like confidence 
intervals, they requke multiple tests on the same sample, A typical hypothesis might be, "the mean 
d5 0 from the X-ray procedure is the same as the mean d5 0 from the pipet procedure," The 
hypothesis could be tested for each percent finer value and it may be proven false for some sizes. 
In contrast, goodness-of-fit tests compare the enthe measured range of test data to a hypothesized 
probability distribution. 



90% confidence band 
sf x-ray procedure 

90% confidence band 
of pipet procedure 

PARTICLE FALL DIAMETER, %N MICROMETERS 

Figure 4. Standard deviations of test results on a sample from Los Padres Reservoir, California. 



From the foregoing discussion, it is evident that statistical tests of particle-size analyses are 
limited by the following: 

1. Single-run results.--Only the chi-square goodness-of-lit test can be applied to single-run 
results. The chi-square test is the least powerful of the co on goodness-of-fjt tests, 

2. Analysis of a subset of a larger sized sample.---Often, the samples analyzed by means of 
the pipet or X-ray procedure are only the subsieve portions of larger samples, The 
exclusion of the rest of the sample raises some pertinent questions: Is the larger sized 
sample from the same distribution? Would the complete size-range analysis plot as a 
""sraight" line on lognormal paper? Would the analytical results be continarous at the 
upper boundary of the subsieve sample and the lower boundary of the sieved sam-;raplel 

In the appendix is a summary of results of 18 1 particle-size analyses from a variety of laboratories, 

Single-Run Comparisons 

Of the 18 1 analyses, 98 compare results from pipet and X-ray analyses of tests of the same 
parent sample. Of the 98 cowngsarisons, all but ten show that the particle- size diseibextion froan 
X-ray analysis is finer than that from the pipet analysis. The difference in the results increase with 
particle size, Because samples were analyzed only once, the only applicaMe statistical comparison 
test is the chi-square goodness-of-ht test, 

Particle size analyses by Weaver and Grobler (198 4 )  and by Wilson (1980) indicate that the 
X-ray analyses yield finer particle sizes than the pipet analyses. Weaver and Grobler, in discussing 
the differences, conclude that the X-ray procedure gave a true reflection of the particle-size 
distribution. On the basis of a microscopic examination, they concl.ande that the pipet procedure 
overestimated particle diameter for the larger particles in the sample. Wilson does not discuss 
differences in his test results, 

Schiebe and others (1983) summxize pipet analyses done at the U.S, Depaa-knnent of 
Agriculture Sedimentation Laboratory at Oxford, Mississippi, and X-ray tests done at die 
Agricultural Research Sewice laboratory in Chickasha, OkSalsoma, (See Schiebe and othcrs, 1983, 
for typical plots.) In all 15 tests the X-aay results indicate finer particfe sizes than do the pipet 
results. No reason for the differences was identified. 

Repeat-Run Compaisons 

Several pipet and X-ray tests were repeated to determine variability. The most exhaustive 
tests were done by 8. 6, Lara and W, .Je Matthes (U.S, Geological Survey, written commran., 
undated). Some results are from interlaboratory pipet tests done at 10 USGS iabolatories zxouad 
the country. The average standard ddeia.tions for two analyses of each of three samples are listed 
in table 2. Standard deviations from replicate pipet and X-ray analyses of seven other san~ples are 
listed in table 3 (results are from a single laboratory). 



Table 2. Standard deviations of percentage of finer particles from pipet 
analyses repeated once for three samples 

[ym, micrometer. Data from 0. G. Lara and W. J. Matthes, U.S. Geological 
Survey, written commun., undated] 

Type of 
analysis 2 4 8 16 

Interlaboratory 5.4 4.8 3.0 2.0 3.4 0.7 
Single laboratory 1.5 1.1 1.4 1.9 1.1 0 

fable 3. Standard deviations of percentage of finer particles for seven 
samples at a single laboratory 

[prn, micrometer. Data from 0. C. Lara and W. J. Matthes, U.S. Geological 
Survey, written commun., undated] 
--- - 
Type of 
analysis 1 2 4 32 

- 
Pipet 1.5 4.3 3.6 2.8 1.7 1.5 
X-ray 1.9 1.6 1.3 1.4 1.3 1.6 

Average standard deviations from pipet analyses of 12 samples are listed in table 4, Each 
sample was analyzed four or five times. 

Table 4. Standard deviations of percentage of finer particles from pipet 
analyses of 12 different samples at one laboratory 

[pm, micrometer. Data from 0. G. Lara and W. J. Matthes, U,S. Geo- 
logical Survey, written cornmun., undated] 

Isa. table 5, standard deviations are reported for results of (1) four repeat runs of one sample by the 
X-ray procedure, and (2) five samnplies, each analyzed four times by means of the pipet and X-ray 
procedures welch and others, 4979). 

The standxd deviations in tables 2 thxough 5 axe not consistent. L a a  and Mathes (U.S. 
Geological Suwey, written comrnun., undated) report smaller sta-ndasd deviations for the X-ray 
analyses than h r  the pipet anaiyses, whereas Weick and ofirers (1979) report the opposite. The 
pipet standad deviations in table 4 axe very small. The work by Lara and Matthes is considered 
by Lie author to be the best documented and most complete data available. These data strongly 
influence the concilusions of this report. 



Table 5. Standard deviations at percentage of finer particles from pipet 
and X-ray analyses 

[pm, micrometer. Data from Welch and others, 19793 

Type of 
analysis 

2 4 8 16 31 64 

Four runs, one sample: 

X-ray 1.3 1.9 0.8 2.9 1.0 0.5 

Four runs, five samples: 

Pipet 0.5 0.3 0.4 0.5 0.7 -- 
X-ray 1.0 0.7 0.7 0.8 0.7 -. 

Effects of $ediment Conceneation 

Of the 18 1 analyses, 4 2 are for X-ray analyses of the same sample at different 
concentrations. Of these 12 analyses, only three show changes in the percent finer values with 
decreasing concen&ation and these changes are slight. This means that the highest initial 
concentration did not produce hindered settling. 

Tests by Lara and Matthes (1986) also indicate that the initial concentrations of samples 
analyzed by means of the X-ray procedure can vary widely without affecting the results. Weaver 
and Grobler (198 1) started an analysis with a much higher concentration than is reco~nmended, As 
the sample was diluted and rerun, hindered settling decreased until the results st&ilized at about 
2 percent concentration by volume. This stabilization point is comparable to that determined by 
Lara and Matthes. 

Finally, Welch and others (1979) compared results from the X-ray procedure at different 
concentrations to results from the pipet procedure at a standard concentration. They concluded that 
results of the X-ray procedure best agree with the pipet when an initial concexrh.ation of about 
1 percent by volume is used. 

CONCLUSIONS AND SUGGESTIONS FOR ADDInONAL RESEARCH 

Based on the data contained herein and a review of available literature the following 
conclusions and suggestions for additional research are offered. 

.--Tests on dispersants indicate that standard dispersant procedures for routine 
pipet and X-ray analyses are adequate and need no modification; howeverl., microscopic 
examinations of dispersed samples are recommended to improve documentation of their 
conclusions, 



Effects of -- - - 

Comparative tests between the pipet and X-ray procedures show that the X-ray procedure 
commonly produces a finer particle-size distribution curve than the pipet procedure. A reason for 
this discrepancy see~ns to be that the X-ray procedure requires a sediment concentration large 
ellough to cause a 40- to 60-percent reduction in X-ray intensity, and this large concentration may 
pmdtrce hindered settling. Hindered settling biases particle-size curves toward overestimation for 
the smaller particle sizes. 

The following program is recommended to further evaluate the effects of sediment 
csncenwation and chemistry on the results of X-ray analysis: 

1 + Ongoing documentation.--The X-ray procedure is already being used routinely by 
several laboratories. A effort should be made to document the following for each test: 

a, concenQation by volume or weight (mg/&) used in each test 

b. ~nera log ica l  descfiption of sample (clay, silt, etc,) 

c, predor~nant  color of san~ple 

d, X-ray intensity recorded at the 100-percent line 

2. Concentration and chemisey testing.--Systemaeic tests should be done to document 
effects of concentration and sediment chemistry, To test for concentration, the 
following should be done: 

a, Obtain standard particle-size reference samples. Special effort shod$ be made to 
obtain the natural quartz samples described in Wilson (1980). 

b. Standard samples should be tested at different concenb.ations, This would define 
the concentrations at which deviations (biases) from a "me" particle-size 
d is~ib~~t iora  occur, 

3, Effects of particle-size distribution,--IFo test the effects of sediment chemasb-y (and 
concen&ation) on particle-size dis~ibution, the following should be done: 

a, Natural samples should be obtained from several sources, with an emphasis on 
snineralogical variety, 

b. Samples should be tested on Sedigraph 5000 and the Sedigraph 5500L machines. 

As described in the liteaature ?review, the Sedigraph 5500L is well suited to analyze 
sedjments with low X-ray absorption coefficients. It may be possible to identify chemically 
sznsitive sediments by comparing results from the two machines. Discrepancies may indicate a 
chemical sensitivrty rs X-rays anad provide guidelines fox identifying sediments that are not 
appropriate for analysis on the Sedigraph 5000. 



.--The precision and bias of the pipet are not well 
established, Interlaboratory pipet analyses that have already been done are described in the section 
""Comparison of Pipet and X-ray Detern~inations.~' More tests should be done to improve definition 
of expected deviations, Interlaboratory pipet analyses could be used to establish the expected 
precision and bias of the pipet. Interlaboratory tests should be used because pipet analyses are done 
at several locations, and interlaboratory-test results would reflect the expected variations. 

.--Many tests have compared results of pipet and 
X-ray analyses, Differences are relatively small but are consistent. It is suggested that the standard 
deviations in table 2 from the inter-laboratory test be considexd as a measure of pipet accuracy, 
and that the standard deviations from the single laboratory X-ray tests in table 3 be used as a 
measure of X-ray accuracy. These respective band widths may then be superimposed on 
comparison tests to deterwrine regions of overlapping and acceptance. 

.--Discrepancies between the pipet and X-ray 
procedures are largest for large particle diameters, At diameters between 30 and 50 pm, the 
expected deviation bandwidths will probably not overlap (fig, 4). Often, the pipet and X-ray 
procedures are used to analyze only part of a collected sample, the larger material being analyzed 
by sieving. 

Canadian investigators have identified a ""silt-sand overlap problem9' with samples 
analyzed by use of the X-ray procedure. Presumably, a particle-size distribution curve should be 
continuous throughout all size ranges. There is a need to do the following: 

1. Contact Canadian researchers to investigate this ""silt-sand overlap." 

2, When possible, plot a continuous distxibution curve for the entire range of sediment 
sizes, Lognormal probability paper is especially useful for plotting because the fraction 
of the sample analyzed by the pipet or X-ray procedure may be a very small fraction by 
weight of the entire sample, 
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Table 6. Summary of available test results on pipet and X-ray particle-size analyses 

[USDA, U.S. Department of Agriculture; USGS, U.S. Geological Survey] 

Data 

shets  Description 

1-16 Pipet tests on dispersants-USDA. 

1 7 4 9  PipetlX-ray comparisons-USDA. Includes repeat X-ray runs when sample remained idle for different periods 

between tests. 

50-52 X-ray tests on dispersants-USDA. 

53-54 X-ray tests on sample at rest for days between tests-USDA. 

55-62, 66 Pipet/X-ray comparisons-USDA. 

63-65 Pipet/%-ray comparisons at different concentrations-USDA. 

67-75 X-ray tests-USDA. Pipet comparisons not available. 

76-79 Four repeat runs of pipet and X-ray on made-up sample. 

80-84 Pipet tests: two per sample. X-ray runs were done, but results are not available. 

85-92 Pipet/X-ray comparisons (including some with no dispersant). 

93-105 PipetK-ray comparisons-USDA. Also shows standard deviations of repeat pipet runs based on 4-5 analyses. 

106-108 Pipet dab-USGS. Results of comparative tests on three different samples. Ccmparative test results are com- 

pared to those in Open-'File Report 79-1590 (Delaney and Schroder, 1979), which discusses analysis of the 

same samples at only one location. Values not yet plotted. A data sheet could also be prepared for each of 

10 labs in the comparative test. 

109-124 P ipee- ray  comparisons from William W Emmett. Data sheets not yet filled out. An additional 26 X-ray tests 

were done. 

125-12'7 X-ray tests-variety of concentrations. 

128-130 X-ray tests-variety of concentrations. 

131-140 X-ray tests--effect of interchanging cells. 

141-149 Pipem-ray comparisons from 0. G. Lara and W. J. Matthes (U.S. Geological Survey, undated). Each data 

sheet includes mean and standard deviation for from 7 to 28 replicate runs. Data sheets could be made for 

each sample if desired. X-ray corrections are included. 

150-151 Pipet/X-ray comparison of two USGS tests distributed by Vick Janzer. 

152-158 Tests by Weaver and Grobler, 1981. 

152 X-ray procedure repeat runs at different concentrations. 



Table 8. Summary of available test results on pipet and X-ray particle-size analyses--Continued 

Description 

153-156 X-ray procedure: reproducibility of unspecified number of runs. No standard deviation listed. Standard glass 

beads, silt/clay and made-up clay samples. 

157 X-ray comparison for "small" and "large" test cell. 

158 Pipem-ray comparison of natural A clay. 

159-161 Test by Welch and others, 1979. 

159 Reproducibility, pipet and X-ray. Five samples repeated four times. Standard deviations averaged for all five 

samples. 

160-161 Pipet/X-ray comparison at five different Sedigraph concenbrations, 11,500 to 137,700 mg/L (0.46 percent to 

5.52 percent by volume). 

162.- 146 Pipem-ray tests by Wilson, 1980. 

166 Pipetm-ray comparison on natural quartz standard sample. 

16'7-181 Pipet/X-ray comparison from Schiebe and others (1983) on Clay Lake cores. 

Table 7. Test results, by category 

Catwtay Data sheets 

Dispersants 

Single pipet/%-ray comparisons 

Repeat-run tests 

X-ray concentration 

X-ray tests-no pipet run 

Pipet tests-no X-ray run 

X-ray tests--cell size 

X-ray tests--lapse time between repeat runs 
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